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This report was prepared bv the Lockheed-California Company
under the terus of Contract DA 44-177-AMC-365(T).

The progrem, which consisted primarily of a flight investigation

of the maneuvering capability of the XH-51A compcund helicepter,

is part cf a progressive seriss of flight resesrch programs being
pursuel Sy this Coemand to provide increared pert.rmance of rotary-
wving typ2 aircraft., Included in the program was an investigation of
fiight in turbulence and rap-cf-the-earth operation. The XH-51A
wvas al.o flown by NASA and U. 3. Army personnzl -. ~valuate perfor-
mance, haadling qualities, and general flight ..-s:teristics.

in general, the objectives of the flight program were met. Data
were obtained on dynamic stresses, vibration, stability and control,
end pe:formance to a maximum 1ight speed of 263 knots (302 miles
per hour) true airspeed.

The conclusions and recommendations contained herein are concu red
in by this Command.
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SUMMARY

This report discusses the results of a research program conducted by the
Lockheed-California Cumpany to evaluate the maneuvering capability and
critical rotor stresses of the rigid-rotor XH-51A compound helicopter
(Figure 1) under Contract DA L4-177-AMC-365(Tj. °

As shown in Figure 2, the maneuvering envelope was expanded beyond the
specified program objestives. These data are referenced to the design
gross weight of 4500 pounds.

In demonstrating this test envelope, the effects of rotor RPM, cyclic con-
trol csystem sensitivity, and center of gravity position were evaluated in
terms of aircraft response and structural loads to determine the optimum
cambination of these variables. The testing conducted to investigate
these effects consisted of lengitudinal and lateral contreol response,
short-period damping, autorotation characteristics, maneuvering stability,
static stability, and level flight performance. Also investigated were
the effects of atmospheric turbulence and nap-of-the-earth operations on
aircraft response and rotor stresses.

The following significant results were obtained:

e A maximum flight speed of 262.7 KTAS was attained in a shallow
descent of 800 to 1000 fpm with a rotor RPM of 95.5 percent.

e Autorotation entries at speeds in excess of 230 KTAS were simula-
ted using high-speed entry *echnijues.

o Forward centers of gravity had a favorable effect on high-
speed handling qualities.

® Desensitizing the longitudinal cyclic control system helps to re-
duce the excessive response characteristics of the aireraft at
high forward speeds. Aircrart resporse at low speeds, however, is
reduced to the extent that it appears doubtful that a single con-
trol system sensitivity will suffice for all speeds and conditions.

e Main rotor loads obtained in rough air were more severe than those
obtained in level flignt at comparabie airspeeds. However, the
effect of the load increase on fatigue life does not appear to be
severe.

ke AAINAS At & eANS kT KERN A 1 amed  MTeSw cMRTAARE AR A W L TN
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® Reduced rotor RPM at high speed had an adverse effect on rotor plane
oscillations.

Two factors prevented the RPM-airspead envelope shown in Figure 3 from
being expanded further., The first of these is a strong vibration above
220 KTAS at hign rotor RPM settings which is associated with the advancing
blade Macn number. The second factor is a mild xrotor plane oscillation at
high airspeeds which becomes more pronownced as rotor RPM is reduced below
intermediate values.
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FOREWORD

This report describes the results of the research in the waneuverability pro-
gram conducted with the Lockheed Rigid-Rotor XH-51A compound helicopter.
This program wasg conducted by the Lockheed-California Company under Con-
tzact DA 4l-177-AMC-365(T) with the U.S. Army Aviation Materiel labora-
tories (USAAVIABS), Fort Eustis, Virginia.

Flying began on U August 1966 and continued through 11 July 1967. It was
conducted by members of the helicopter staff under the direction of Mr.
A. W, Turner, Flight Test Division Engineer. The Lockheed test pilots
were Messrs. R. Goudey and D. Segner.

The NASA evaluation during the program was performed by Messrs. L. Jenkins,
Engineer, and P. Deal, Test Pilot.

Technical monitoring of the program for USAAVIABS, as well ae a separate
flight evaluation, was performed by Messrs. E. Dumond, Engineer and
D. 8imon, Test Pilot.




TABLE OF CONTENWTS

SUMMARY .« & ¢ & 4 ¢ i v v 6 e v s o o o o o s o o
FOREWORD . . . . . e e e e e e e e e e e e e
LIST OF ILLUSTRATIONS . . . . . . « ¢« « o & . . .

LISTOF TABLES . . ¢ ¢ ¢ ¢ ¢ ¢ o o o o o o o a o @
LIST OF SYMBOLS &+ & 4 & & & 4 ¢ ¢ ¢ ¢ o o s o o &
INTRODUCTION . . ¢ ¢ v ¢ ¢ ¢ o o o o o o o o o o o
DESCRIPTION OF TEST ARTICLE . . . . . e e e e e s
AGILITY AND MANEUVERABILITY . . & & & « ¢ « o « &
Envelope Expansion . . . . . . . . . . .. .
Power-On Rotor RPM/Airspeed Envelnpe .

Maximum Airspeeds . . . .. e s e e s
Maneuvering Envelope . . . . . . . . .

Control Response and Short-Period Damping . .
Longitudinzl Control Response . . . . .
Longitudinal Short-Period Damping . . .

Lateral Control Response . . . . . . .

Lateral Short-Period Damping . . . . .
Maneuvering Stability . . . . . . . ..o ..
Turning Flight . . . . . . . . . . . .
Symmetrical Pull-Ups . . . . . . . . .

Rotor RPM Characteristies . . . . . . .

Cyclic Control Trir. Requirements . . . . . .

Nap-of-the-Eartn Flying . . . . . . . . . . .

Page
iii
vii

< ety

N K R RSN ST

PO

.

KRNI AMELAITAG N DML MG CIINSRRR il




Maneuvering Conditions

Pitch Link Losds . .
Miscellaneous lLoads .

Tail Rotor lvads . . ., . .

Nap-of-the Earth Testing .

Side Hi1) Landing .

ROYGH AIR OPERATION . . . + % « ¢ o o &
m‘l L) L] - . * L ] t ] L] - L ] . L] -
Vertical Accelerstion Due to Gusts
Derived Gust Velocities . . . . .

Main Rotor Load Measvrements . .
HNERING AND HOVER MANEUVERS . . . . .
Genergl . . . . . e v e b e e e e

Hovering Over a 8pot . . . . ..
Sideward Flight . . . . . . . . .

Structural Loads . . . . . . ¢ . .. .

General . . . . . . 0 ¢ e 0 e e . .
Main Rotor Blade Loads . . . . . . .

6260-1100-01 Stardard XH-51A Mein Rotor Blades

Level Flight Condaitions . .

Gyro Arm Bending . . . . .
Vibration ... .. ...

Rotor Plane Uscillations
Horizontal Stabilizer Loads

.

e o o

e - et me ames o

oooooooooooo

6261-1100-01 Model 286 Prototype Blades
with XH-51A Cuff Fittings . .

6260-1100-01 Standard XH-51A Main Rotor
Blades . . ¢ ¢t o 6 i i e e e e e e e e e e

6260-1100-01 Main Rotor Blades with
20 Pound Anti-Rodal Weights .

.

oooooooooooo

Rearwvard and Low Speed Forward Fught
- TornOnaSpot 2. ... ... ¢,
Crosswind Hower . . . . . .. ... .

¢ e o o

e & e o o »
e o o o

.

.

.

.

s & o ¢ s o

.

----------

ooooooooooo

=

e

® 3

89R8ER

N bnothe gt

o e ira me weeaa g T e W

s




L g

AUTOROTATION & v 4 4 4 4 o o o o & o o o o o o o o ¢ o e o o o o . 100

Rotc RPM Decay Characterfistics . . . + v v ¢ ¢ o o o « & o . . 100
Autorotation Entries . . . . . . . . . L 0000000 0L 102

Simulated Failure of PTEB-Q Main Rotor Engine . . . . . . 102
Sim:lated Failure ~f J-60-P-2 Auxiliary Thrust Engine . ., 104
) Simulated Simultanccus Feilure of Both Engines . . . . . 104
! £ - Structural Lo88S . . ¢ & 4 4 4 4t 4 4 e e s s e e . . . 106

R A R T M e S e S
X X wwmammmwgmwﬁ

A4
e

LEVEL FLIGHT PERFORMANCE CHARACTERISTICS . . . . . . « . . « « » o . 107 i

3 Airspeed Calibration . . . . ¢ v 4 4 4 4 4 4 4 4 4 ... ... 207
¢ : Power and Thrust Sharing Characteristics . .. .. .... .. 116 :
§ Rotor/Wing Lift Sharing Characteristies . . . . . . .. ... . 116

§ -3 Rotor/Wing Lift Sharing Characteristics in Turning Flight . . . 121
Theoretical Comparison . . . . . ¢ ¢ 4 4 v v o o o o s o« « o . 125

NASA PARTICIPATION . © & v v 4 v 4 e 4 e o o o e e e e v e e 132
U.S. ARMY PARTICIPATION . . . & v v o « o o = o « o o o o « « « « . 133
CONCLUSIONS « & & o o o o = 2 o = o « o o = o o o « o o o« o « « o« . o 134
RECOMMENDATIONS . . . « « =« v v « o « o o o« o = o « « o o « o oo+ . 136

- DISTRIBUTION . & @ "5 e o « = v o o « o o = = % o v o o o« « o o+ . . 138 -

O

R R 1

phedons

‘
)
A




ot
B

" Al Ll el T
e Ak e P b SO

[ e

1

———

LIST OF ILLUSTRATIONS

XH-51A Compound Helicopter inFlight . . . . . . . . . .

Maneuvering Envelope - Referenced to Design
Gross Weight of 4500 Pounds . . . « . . . . . e e e

Power-On Rotor RPM Envelope as a Function of
True Afrspeed . . . ¢ 2 ¢« 4 ¢ ¢ o o o o o e e e s e .

XH-5iA Compound Helicopter inHover . . . . . . . . . e

Power-Cn Rotor RPM Envelope as a Function of
True Airspeed . . . . . . e o o 4 o 4 o o s o s e o o s

Approximate Collective Blade Angle Test Envelope
as a Function of True Airspeed . . . . . . ..

Maneuvering Envelope - Referenced to Design
Gross Welght of 4500 Pounds . . v & ¢ ¢« v o « o « o o &

Longitudinal Control Response as a Function of True
Airspe.d ~ Effect of Rotor RPM - Neutral CG . . . . . .

Longitudinal Control Response as a Function of True
Airgpeed - Effect of Collective Blade Angle -
N&trn w L ] L] - - L3 - - - - - - - e @ & e o o * - . L3 L]

Longitudinal Control Response as a Function of True
Alrspeed - Effect of Lcngitudinal System Sensitivity
‘NwtraICG ® ® 8 &6 & & & = o & & & e O 6 o o s o & o

Longitudinal Control Response as a Function of True
Adrspeed - Effect of CG Location . . . . . + + ¢ < . . .

Time History of Longitudinal Short-Period Dzamping -
83% Longitudinal System Sensitivity - Neulral CG . . . .

Time History of Longitudinal Short-Feriod Damping -
664 Longitudinal System Sensitivity - Neutral CG . . . .

xii

10

1k

18

22

23

24

W R s o S rrn wane A o




O Phonst st at B BRI A S 2SR G SRR A Pt

“ s

Y

Figure Pagre

14 Time History of Longitudinal Short-Period Damping -

N = 100% - Neutral CG . v v v v o o o o o o o o o 2 o . 26
15 Time History of Longitudinal Short-Period Damping -

Np =9L.5% - Neutral €6 . . . . . . . ... oo 0. 27
16 Lateral Control Response as a Function of True

Airspeed - Effect of Lateral System Sensitivity -

Neutral CG . . & & ¢ ¢ o o 2 4o o 2 o o s o o o o o o« « = 29
17 Time History of Lateral Shori-Period Damping -

i54% Lateral System Sensitivity - Neutral ¢G . . . . . . 30
18 Time History of Lateral Short-Period Damping -

200% Lateral System Sensitivity - Neutral GG . . . . . . 31
19 Time History of Lateral Short-Period Damping -

KR=10(}X,-NeutralCG................. 33
20 Time History of Lateral Short-Period Damping -

I%=%.5%”Ne‘1traICG e o @ o & & o & 2 e s e o e o o 31+
21 Maneuvering Stability During Steady Turns as a Function

of True Airspeed for Various Collective Blade Angles

and Rotor RPM Settings - Neutral ¢G . . . ... ... . 36
22 Variation of Maneuvering Stability With True Airspeed

During Steady Turns - Effect of Longitudinal System

Sensitivity - Neutral CG . . . .« « . v ¢ « ¢ o « &« « « « 37
23 Maneuvering Stability During Symmetrical Pull-Ups as

a Function of True Airspeed for Various Collective

Blade Angles and Rotor RPM Settings - Neutral CG . . . . 39
24 Maneuvering Stability During Symmetrical Pull-Ups as

a Function of True Airspeed for Various Collective

Blade Angles and Rotor RPM Settings - Forward CG . . . . 40
25 Variation of Maneuvering Stability With True Airspeed

During Symmetrical Pull-Ups - Effect of Longlitudinal

System Sensitivity - Neutral and Forward CG . . . . . . 41
26 Variation of Rotor RPM with Load Factor in Steady

Turns - Neutral CG « ¢ ¢ ¢ o v « 2 o o ¢ o o « o o « o « Uk
27 Variation of Cyclic Control Positions With True

Airspeed - Effect of Control Gyro Tab Installation -
Ne‘utr&lm...c....-.............o h?

xiii

mg‘é5{&{’%@3&@3"}&‘1‘%'ﬂﬁmwﬁ'tﬁluuhMMMM B e s 27




30

33

35

37

15 |

I TN F oo, 1 I BT AR Sos o e oo e ae _ e  ee ame S
Figure
28 Variation of Cyelic Control Positions with True

Airspeed - Effect of System Sensitivity - Neutral

CG..........................

Variation of Cyclic Control Positions With True
Adirspeed - Effect of Collective Blade Angle and
Rotor RPM Setting - Neutral CG . . . . . . . . « . .

Variation of Cyclic Control Positions With True
Airspeed - Effect of Longitudinal System Sensitivity
‘FOWGM¢ocouoooo-oo..o.oooo

Main Rotor Hub Loads as a Function of Equivalent
Airspeed...-....-...........-.

Harmonic Components of Cyclic Flapwise Bending
Moument at Sta. 6 as a Function of Equivalent

Adrspeed . . . ¢ 4 v 4 e 4 e 0 s s s e s o s e e e s

-ain Rotor Hud Loads as a Function of Equivalent
Mr BM - - L ] L] - - e e - L3 L] - L * L] - - - - L3 - -

iflermonic Camponents of Cyclic Flapwise Bending
Moment at Sta. 6 as a Function of Equivalent
m ‘ped * L Ll - - - - - - L] * * - L] L] - - L ] L] L] L] -«

Harmonic Components of Cyclie Flapwiaze Bending
Moment at Sta. 6 as a Function of Main Rotor

Advancing Tip Mach Number . . . ¢ ¢ ¢ = « « o o o «
Roll and Pitch Components of Cyclic Flapwise
Bending Moment at Sta. 6 as a Function of
Equivalent Adrspeed . . . . ¢ ¢ 2 « ¢ ¢ 4 o 0« o o

Maximum Main Rotor Blade Loads as a Function
Of LOBA FaCtOr «. ¢« ¢ ¢ o « o o ¢ ¢« o ¢ o « o o « o @

Flapwise Bending Moment at Sta. 6 as a Function
of Pitch Angular Acceleration . .. .. .. ...

Main Rotor Blade Loads as a Function of Maximum
LOBd PACtOT . o ¢ ¢ ¢ ¢ ¢ ¢ ¢ o ¢ o o o ¢ o o o o

Right Wing Bending :ioment and Rotor Lift as a
Function of Maximum Load Factor . . . . . . . . . .

No. 1 Gyro Arm Chord Cyclic Bending Moment as a
Function of Mafn ROTor REM . . . «v ¢ ¢ ¢ ¢ ¢ = & « &

xiv

50

57

58

61

69

T0

AL




Figure Page
L2 Horizontal Stabilizer, Gyro Arm, and Pitch Link
Loads as a Function of Equivalent Airspeed . . . . . . . T2
43 Cabin Vibration as a Function of Equivalent Airspeed . . Tk
L4y Collective Blade Angle, Rotor Lift, and Right Wing

Bending Moment as a Function of Equivalent Airspeed . . 77

Ls Tail Rotor Loads, Control Fositions, and Horsepower
as a Function of Equivalent Airspeed . . . . . . . . . . 79

Lé Comparison of CG Vertical Acceleration inGusts . . . . 82

L7 Exceedance of CG Acceleration Increments in Rough Air
for a Test Time of 4.9 Minutes . . . . . . . . . . . . . 84

Le Exceedance of CG Acceleration Inerements in Rough Air
for a Test Time of 11.9 Minutes . . . . . . ... ... 85

4o Exceedance of CG Acceleration Increments in Rough Air
for a Test Time of 13.5 Minutes . . . . . .. .. .. . 87

LRI AR R0 AR S Al R R SR A s AR R M g

50 Distance to Reach or Exceed z Given Gust Velceity . . . 88
51 Time History of Blade Loads and CG Vertical Accel-

eration in Turbulence at 130 KEAS . . .. .. .. ... 9
52 Time History of Blade Loads and CG Vertical Accel-

eration in Turbulence at 200 KEAS . . . .. .. . .. . G
53 Guust Loading Spectrum - Chordwise Bending Moment

at Sta. 6 . . L L . .t et e e e e e e e e e e e @
5k Gust Loading Spectrum - Flapwise Bending Moment

at Sta. 6 . . . . . .. e e i e i et e e e, G
55 Control Position Variation During Sideward Flight . . . &6
56 Control Position Variation During Hover, Rearward,

and Low-Speed Forward Flight . . . . . . . . . . . . . . &8

57 Power-Off Rotor RPM Decay Rate as a Function of True
Airspeed - Normal Acceleration=1.0g .. .. .. .. . 101

an Time History of Autorotation Entry at 228.5 KTAS
Forward CG . . . ¢ « ¢ &t ¢ ¢ ¢ o o s s o s o o o o . + 103

L

53 Time History of Autorotation mnitry at 232.0 KTAS
Forward CG . . . . o o ¢ v ¢t v o i st v e e .. . 105

xv




63

65

67

70

T

Airspeed Calibration - Boom System . . . . . . . . . . .

Engine Shaft dorsepower Required for Leével Flight -
Bffect of Collective Blade Angle - Neutral CG . . . . .

Tai’ Rotor Horsepower Kequired for Level Flight -
Bffect of Collective Blade Angle and Rotor RPM -
Reutral CG . . . ¢ ¢ ¢ ¢ o ¢ ¢ o o o o o o o o o « o o« «

Engine Shaft Horsepower Required for Level Flight -
Effect of Rotor RPM - Neutral CG . . . . . . . « e e e .

Aurxiliary Thrust Required for Level Flight - Effect
of Collective Blade Angle and Rotor RPM - Neutral CG . .

Equivalent Shaft Horsepower Required for Level
Flight - Effect of Collective Blade Angle -
RNeutral CG . . . . ¢ ¢ ¢ ¢ ¢ 0 o ¢ e ¢ o o o o o o o + o

Equivalent Shaft Horsepower Required for Level
Flight - Effect of Rotor RPM - Neutral CG . . . . . . .

Power Sharing Characteristics in Level Flight -
Effecl or Collective Blade Angle - Neutral CG . . . . .

Rotor Lift Sharing Characteristics in Level Flight
Effect of Collective Blade Angle - Neutral CG . . . . .

Angle of Attack Variation With True Airspeed -
Effect of Collective Blade Angle and Rotor RPM -
Neutral CG . . . . . . . © 6 e o o o e s e e s e s e .

Rotor Lift Sharing Characteristics in Level Flight -
Bffect of Rotor RPM - Neutral CG . . . . ¢« ¢« « ¢« ¢« « o &

Rotor Lift Sharing Characteristics in Turning Flight -
Effect of Airspeed - Neutral CG . . . . . . . . . . . .

Rotor Lift Sharing Characteristics in Turning Flight -
Effect of Collective Blade Angle - Heutral CG . . . . .

Forces Acting on the Aircraft . . . . . . . ¢« ¢ ¢« « . .
Helicopter Lift and Drag Characteristics . . . . . . . .

Correlation of Flight Test Data and Calculations
athRotorm. ...... ® & ¢ %6 o o ¢ o6 6 o e o

114

115

117

118

119

120

123

124
126

128

129

S we man e sewrem s svmean ¢ s




Figure
76

7

Page

Correlation of Flight Test Data and Calculations
at 95% Rotor RPM . . & v ¢ v v 4 = o ¢ o o « o = o o « « 130

Correlation of Flight Test Data and Calculations
at 915 Rotor BPM . . . . ¢ ¢ ¢ v ¢ o a4 s e e e 4. .. 131

il

P

%

2

D

Sik

e re A e pat

i 1 B Brhe Fipe ¥ A AT IS AL IRIPT AN A RS A
SN LI Mid R

b




X

ATy
i,

iAo dd
sk oy

AR
£

II

III

Y

VI

VII

Table

et -

LIST OF TABLES

Compound Heilcopter Description . . . . . . .
Summary of Maximum Airspeed Conditions . . .
Summary of Test Conditions - MNeutral CG . . .
Summary of Test Conditions - Forward CG . . .

Summary of Lon¢ itudinal Control Response and

Short-Period Damping Test Results . . . . . . . .

Summary of Lateral Control Response and
Short~Period Damping Test Results . . . . . .

Summary oi’ Maneuvering Stability Test Resulis

L]

Page

N

13
15
16

25

32
k2

o A s A 08,

oy =

————— o0




cps
deg ( )°
CAS

KCAS

in.-Hg

kts

LIST OF SYMBOLS

temperature, degrees centigrade

maximum attainable 1ift coefficient

Center of gravity referenced to rotor-mast centerline
cycles per seccnd

angular degrees

calibrated airspeed

knots calibrated airspeed

equivalent airspeed - TAS x O 1/2
knots equivalent airspeed
equivalent shaft horsepower

Auxiliary net thrust, 1b

fuselage reference line, an arbitrary longitudinal line
parallel to fore and aft centerline and waterline

aircraft load factor

density altitude

r.essure altitude corrected for static system error
horsepower

inches of mercury

incidence angle

knots

VATUERY Y WA 1N PO S T R [ A e b e b, *W&&&WWWH%
. R

St A AR ten chati ¥

ﬁ.%' LR KA LB NS LI ANt 3 4 1= 3497

-




| g e o -

" FBBEEC LA

psi

psf

rpm

pounds

rctor lift

wing-body 1lift

Mach number

mean aerodynamic chord
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pounds per square foot

dynamic pressure q = p(TAS)2/2
revolutions per minute

shaf't horsepower

true airspeed
thrust horsepower = FN(KTAS)/325
equivalent ai:speed - knots

indicated airspeed (corrected for instrument error) - knots
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max maximum airspeed - knots
W veight
wAVG average weight

. a

FRL angle of attack (fuselage reference line)
4 air density ratio ¢'= P/p
P test condition air density
Q angular velocity, rad/sec
Po sea level standard day air density
00 collective blade angle at blade station zero, hub center-

line, + leading edge up
-d(%h)
7y rate of decay of rotor speed with respect to time

THEORETICAL COMPARISON

T
CL'/ c rotor 1ift coefficient, 2R >
porR” (QR)
DR
Cp' /o rotor drag coefficient, 5 =
porR- (QR)
c./o rotor torque coefficient,
N powE> ( QR)®

aircr °t gross wvelght

1ift of helicopter without rotor

thrust of rctor

jet engine thrust

angle of attack of rotor disc

angle of attack of aiccraft at instrumentation boom
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angle of attack of aircraft at wing
downwash angle at wing induced by rotor
incidence of rotor shafi

incidence of jet exhaust

rotor drag

drag of helicop::r without rotor

drag of tail rotor

densiiy of atmosphere
radius of main rotor
forward velocity

tip speed ratio, n‘—}:

tip speed

rotor solidity
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It RODUCTION

Previovs research efforts on various compound helicopters have been direc-
ted largely toward speed gains and transient load factors. Although these
programs were successful, their scope was limited in one important area.
This was the area of manevverability and agility over the entire speed
range. With rapidly approaching compound helicopter applicetions, addi-
tional maneuverability and agility information and accormpanyins quantita-
tive data on dynumic stresses and handling characteristicvs are needed to
assist designers of future compound helicopters.

A high-spaed extension rlight test program was conducted by the Lockheed-
California Company on the rigid-rotor XH-S1A compcund helicopter during
May 1965 under Contract DA hL-177-AMC-150(7). The objective of this pro-
gram was to irnv>2stigate the flight cheracteristics of the compound heli-
copter with special emphasis on the areas of flying qualities, performance,
structural loads, vibration, and maneuverability in the speed range of

200 ©o 230 KTAS., As reported in Reference 1, this objective was met and a
maximur level flight speed of 236 KTAS was demonstrated.

The Lockheed-California Company w:s then z2uthorized to study the maneuver-
ing capability of the rigid-rotor XH-51A compound helicopter unger Con-
tract DA LL4-177-AMC-365(T), dated 20 June 19€6, with the U.S. Army Aviation
Materiel Laboratories, Fort Eustis, Virginia. This is a report of the
results of that study.

The principal objective of this study was to explore further the maneuver-
ing capability of the compound helicopter in terms of envelope expancion,
longitudinal and lateral control response znd damping, maneuvering stabil-
ity, hover maneuvers, and sutorotation and level flight characteristics
over the following target airspeed-load factor envelope:

2.0g at 60 KTAS

2.5g at 150 KTAS

2.0g at 220 KTAS

1.0g (£0.2g) at 24O KTAS

The first flight uander this contract was accomplished on 4 August 1966,
and a ma~ammum true airs- eed of 262.7 knots was demonstrated on 19 June
1967. Luring the program, 209 flights were conducted, for a total of
64.3 flight hours. Of these totals, NASA participation amounted to 23
flights, accumulating 9.2 flight hours, with U.S. Army participation
amounting to 15 flights, for a total of 5.5 flight hours. The flight
program ended on 11 July 1967.
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DESCRIPTIUN CF TEST ARTICLE

The XH-51A compound helicopter test article (see Figure U4) is described
in Table I. At the completion of the previous compound helicopter pro-
gram, certain modifications to the aircraft were cornsidered necessary.
Accordingly, prior to commencing the maneuverability program, the follow-
ing modifications were incorporated:

PT6B-9 Turbine Engire

A PT6B-9 gas turbine engine compatible io the XH-51A helicopter
was installed. This engine provided mcre available power to
caompensate for the vehicle's increased gross weight, and it
afforded additional low-speed maneuvering capability.

Slip Ring Assemblies

A 40-slip ring assembly compatible to the XH-51A main rotor and
an 18-slip ring assembly compatible to the XH-51A taii rotor were
installed to monitor mein rotor and tail rotor instrumentation
parameters, respectively.

Rate Gyros

Two rate gyros sensitive to 0.02 rad/sec were installed to sense
aircraft pitch and roll responses.

Spoiler Control

The sctuation of the spoiler was revised so that the direction of
the controlling switch conformed to the convention for dive-brake
operation.

Increased Fuel Capacity

A 3k-gallon torso fuel tank capacity with quick-disconnect provi-
sions and a separate fuel shutoff valve was installed in the air-
craft. The torso tank is the J-60-P-2 engine primary fuel source
until nearly empty, at which time it reverts to the ship’s main
fuel supply.
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Torso Tank Fuel Gage

A cockpit gage to indicate fuel quantity in the auxiliary torso
fuel tank was installed. This gage was a differential pressure
gage plumbed to measure the liquid fuel head in the tank for
level flight conditions.

Auxiliary Jet Throttle Modification

L]
The auxiliary jet engine throttle was incorporated into the
collective handle twist grip, replacing the PT6B-9 gas generator
control st that location.

PT6B-9 Gas Generator Control

The gas generator condition lever (Nj) was relocated from the
collective handle twist grip to the handle previously used for the
jet engzine control (quadrant lever). To facilitate recovery from
autorotations, an emergency solenoid actuator was added to move
this quadrant lever back to the power-on condition upon actuation
of a switch on the pilot's collective control.

Collective Control

An overriding detent was incorporated into the pilot collective
pitck control lever at O, = L.00 degrees, the optimum blade angle
for high speed flight in the compound helicopter mode. This was
a spring detent which could be overridden by the pilot but would
~eturn the handle to the detent position when releasea. It will
roturn the handle to the detent only from positions below the
devent.

Zero-g Hydraulic Reservoir

A zero-g type hydraulic system reservoir was installed to provide
hydraulic fiuid pressure to the inteke port of the primary system
pump regardless of the flight attitude or load factor. The emer-
gency standby system still operates from a standpipe reserve
supply contained in this reservoir.

Control Bell Cranks and Springs

Capability to vary cyclic control system sensitivities in the
longitudinal and lateral axes was utilized through the variation
of booster input and output bell cranks and springs. Since the
control system of the XH-51A rigid rotor helicopter is basically
a rate-generating system, this approach was utilized to attain the
desired results.
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TABLE I.

COMPOUND HELICCPTER DESCRIPTION

General

Design gross weight
Tnkeoff gross weight - neutral cg
Takeoff gross weigntt - fwd cg

Fuel capacity (inciudes 220-lb-zapacity
torso tank)

Normal crew (plus research instrumentation)
Overall length

Maximum ground attitude (tail low)

Roll mass moment of inertia (including rotor)

Pitch mass moment of inertia (including rotor)

'Yaw mass moment of inertia (includ.ng rotor)

Neutral Center of Gravity Range

Full Fuel = 70C 1b

Main Fuel = 480 1b

zero Fuel

Forward Center of Gravity Range

Full Fuel = 700 1b

Main Fuel = 480 1b

Zero Fuel

Main Rotor

Type

Diameter

Number of blades
Blade Chord

4,500 1b
5,165 b
5,275 1b

700 1b
42.58 £t

6 deg

1,500 siug-ft
3,180 slug-ft
3,800 slug-£t°

o

2

1,550 in.-1b twd
19,650 in.-1b 1t

1,485 in.-1b aft
23,170 in.-1b 1

0 in.-1b
-20,900 in.-1b 1t

9,500 in.-1b fwd
16,600 in.-1b 1t

6,070 in.-lb fwd
23,12C in.-1b 1t

6,875 in.-1b fwd
20,900 in.-1b 1t
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TABLE I - (Continued)

Main Rotor - Continued

Blade Weight

Airfoil-section

Blade taper

Blade twist (rout to %ip)
Rotational axes tilt

Hub precone

Preset blade droop @ sta 27.85
Disc area

Solidity

Disc loading

Polar moment of inertia
Normal operating speed {100%)
Blade sweep

|Control Gyro

Diameter

Number of arms

Polar moment of inertia
Incidence angle of arms

Tail Rotor
Diameter

Number of blades

Blade chord

Hub type

iAirfoil section

Blade taper

Blade twist (root to tip)

3 lu/o ade
modified NACA 0012
0

-5 deg

6 deg forvard
+3.2 deg

-1 deg

962 sq £=

.0818

L.68 ps2

1,013 slug-£t°
355 rpm

1.4 deg forward

T2 in.
N

- 2
7.5 siug-ft
5.0 deg

72 in.

2

8.5 in.
teetering
NACA 0012
0

-4.35 deg

o e
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TABLE I - (Continued)

Tail Rotor -~ Continued

Feathering moment balance weights:

YWeight
Arm
Delta -3 hinge
D:sc area
Solidity
Pitch change travel

Normal operating speed (100%)

Span (rcwinal)
Taper ratio
Area

Aspect ratio
Sweepback {.25c)
Chord (MAC)
A.rfoil

Incidence (fixed)

Horizontal Stabilizer
Span

Chord {constant)
Area

Aspect ratio
incidence
Airfoil section

Tip weights

Vertical Stabilizer

Span
Chord (tip)

2.25 1b/blade
3.0 in.

15 deg
28.27 sq 1t
.1503

27 deg to -8 deg
2,085 rpm

16.83 ft
0.5
7C sq ft

.- In.
26.4 in.
198 sq ft
.1

-0.25 deg
NACA G015
8 ib/side

41.75 in.
38.5 in.
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. - TABLE I - (Continued)

Vertical Stabilizer ~ Continued

Chord (root) 51.5 in.

Area 12.58 sq ft

Taper ratio 0.70

Aspect ratio 0.%

Airfoil section modified NACA Lu2h

Powerplants

Primary
Type Turboshaft PTSB-9
Maximum power (takeoff) 550 SHP @ sea level
Mi.itary power (30-minute limit) 500 SHP @ s=a level
Puei Lype JP-i
0il type Turbo 35

‘ Auriiiary

Type Turbojet J-60-P-2
Military thrust @ 250 to 270 KTAS 2,590 1b @ sea ‘uvel
(specifization engine-military power - 2,29 1b @ 5,000 ft
standard day conditions - with no 2,010 1+ @ 1G,000 ft
losses of any type)
Puel type JP-4
0il tyve Turbo 35
Thrust axis incliination +7 deg
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AGILITY AND MANEUVERABILITY

ENVELOPE EXPANSION

Power-On Rotor RPM/Airspeed Envelope

The power-on rotor RPM/airspeed envelope is presented ia Figure 5 and
represents a sumary of test conditions evaluated during the program.
The inner boundary line indicates the extent of testing at neutral cen-
ters of gravity, whereas the shaded portion indicates the envelope ex-
pansion resulting from forward centers of gravity.

At neutral centers of gravity, the boundary line for the lower rpm set-
tings is characterizsd by a noticeable decrease in rotor damping which
results in a feeling of reduced stability to the pilot. The pilots
reported that the aircraft felt as though it were undergoing random
rough air inputs.

With the high rotor RM settings at neutral centers of gravity, the bound-
ary line is due primarily to an overall increase in vibration levels and
is associated with advaneing tip Maca numbers in excess of approximately
0.91.

Shifting the aircraft center of gravity forward resulted in a significant
improvemenu in handling characteristics and eliminated random rough air
motions at high speed. Longitudinal control response and aircraft sensi-
tivity during high speed flight werereduced and resulted in improved
handling characteristics,which permitted further expansior of the flight
2nvelope as shown in Figure 5. At low to intermediate rotor R™ settings,
the limits of the outer boundary line were :stablished by rotor plane
oscillations. This phenomenon is discussed more fully in the section on
Rotor Plane Oscillations.

At the highest airspeed flown with forwurd center of gravity, the maximum
avai able auxiliary thrust was used; in addition, it was necessary for
the aircraft to descend to meet the overall power requirements. Above
238 KTAS, the rotor RPM was graduslly reduced to delay the effect of
advancing tip Mach number on power reguired, vibration, structural loads,
and general handling characteristics.
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Ample control margins existed irn those areas of the flight envelope where
longitudinal system sensitivities of 100, 83 and 66 percent were found to
be operationally suitable. The same is also true for lateral system
sensitivities of 154 and 200 percent.

Figure 6 presents the collective blade angle/airspeed test znvelope and
represents an approximate summary of test conditions evaluated during the
program at neutral and forward centers of gravity. This envelope covers
an operational rotor speed range from 90 to 100 percent RPM.

The preceding discussion provides a general view of test conditions ex-
perienced during the program. Details of the conditions encountered dur-
ing each phase of testing are described in subsequent sections of this
report.,

Maximum Airspeeds

The maximum true airspeed attsined during this Lrogram was 262.7 knots
(302.6 mph). Because of thrust limitations of the auxiliary engine, this
speed was reached in a shallow descent of aprroximately 800 to 1000 feet
per minute. With the rotor operating at 95.5 percent RPM, the advancing
tip Mach number was 0.942 with a tip speed ratio cf 0.716. The aircraft
was flown with the center of gravity approximately 1.2 inches forward of
the rotor mast with an 83 percent longitudinal system sensitivity. The
forward center of gravity provided a near-corstant level of stability
with increasing airspeed. This effect enabled the maximum true airspeed
to be extended approximately 20 knots beyond the maximum speed attained
with a neutral center of gravity.

A maximum true airspeed of 223.5 knots was obtained with a forward center
of gravity and 91 percent rotor speedi. Under this condition, the tip
speed ratio is 0.638 and the advancing tip Mach rumber is 0.8€0.

With a neutral center of gravity, a maximum true airspeed of 245 knots
(282 mph) was attained. The aircraft was in a slight climb at this

speed with the rotor operating at % percent RPM. The advanciag 4ip Mach
number was 0.937 with a tip speed ratio of 0.650. At Sl percent rotor
speed the maximum true airspeed attained was 194.5 knots, resulting in a
tip speed ratio of 0.556 and an advancing tip Mech number of 0.838.

The preceding information presentea in this section is summarized in
Table 1I.
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TABLE II. SUMMARY OF MAXIMUM AIRSPECD CCNDITIONS
KTAS MACH NO. [ NR - % CG
262.7 .9h2 .716 %.5 Pwd
223.5 .860 .638 91.0 Pwd
245.0 .97 .650 93.0 Keutral
19:.5 .838 .556 91.0 Neutral

Data obtained at both forward and neutral centers of gravity in high-speed
flight above 2C0 knots irndicate a slight decrease in the margin of static
longitudinal stability, even though the overall handling characteristicc
of the aircraft are significantly better at forward centers of gravi.y.

The pilots reported 2 slight decrease in static longitudinal stabili%ty and
an increase in sensitivity of the longitudinal control as flight speeds
exceeded approximately 200 knots. This was particularly true for the
neutral centcr of gravity position. Fowever, a shift of the center of
gravity to the 1.5-inch forward location tended to ccmpensate for these
characteristics at the higher speeds. A rapid increase in 1P and 4P
vibration was noted as the maximum airspeeds were approached. Pilot
observations indicatea a slightly lower level of LP vibration with the
forward center of gravity.

Maneuvering Ervelope

As shown in Figure 7, the maneuvering envelope was expanded well above
the proposed target maneuvering envelope. These load factors are refer-
enced to the design gross weight of 4500 pounds. Modificatiors made dur-
ing previous programs along with those required prior to starting this
program resulted in a takeoff weight increase to 5275 pounds, 775 pounds
above the design value of 4500 pounds. To be consisient with results
previously reported for the L500-pound aireraft, the load factors presented
in Figure 7 for the test envelope are those attained in flight multiplied
by the actual weight at the test condition/4500. The maximum load factor
of 2.81g was obtained at 225 KTAS. “he minimum load factor of -0.025g was
obtainza at 150 KTAS. The forward speed was expanded to 262.7 KTAS

(234.0 KEAS). The high load factor points at speeds below 220 KTAS were
obtained witb a rotor RPM of 100 percent. The pcints at maximum speed
were with a rotor RPM of 95.5 percent.

Tables III and IV summarize the boundaries of the flight envelope investi-

gated during the program and the goals which were achieved at neutral and
forward centers of gravity, respectively.
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TABLE I1II. SUMMARY OF TEST CONLITIONS - NEUTRAL CG

Masimum equivalent airspeed @ 98% Ny 221.5 knots
Maximum true airspeed @ 98% N 245 knots :
Auxilizry thrust required @ max TAS 1950 1b *
- Engine power required @ max TAS 245 SHP :
Test pressure altitude @ max TAS 5160 ft
Test density altitude @ max TAS 6700 £t
Maximum equivalent airspeed @ 91% N 174 knots :
Maximum true airspeed @ 91% N 194.5 knots ;2
Maximum takeoff gross weight flown 5165 1b %‘
Maximur and minimum load factcrs 3
corrected to the design gross weight
of 4500 1b 2.81g @ 195 KTAS 3
2 T70g @ 158 KTAS
2.46g @ 215 KTAS
2.34g @ 70 KIAS :
1.43g @ 245 KTAS :
0.72g @ 242 KTAS :
0.22g @ 235 KTAS
Maximum autorotation entry speed 212 KTAS
Lowest collactive blade angle evaluated 1.45° eo

* Maximum available auxiliary thrust for the test conditions

e
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Maximum true airspeed @ 95.5% Np
Auxiliary thrust required @ max TAS
Bngine power required @ max TAS
Test pressure altitude @ max TAS

Test density altitude @ max TAS

Maximum true airspeed @ 91% Ny

Maximum takeoff gross weight flown
Maximum and minimum load factors

corrected to the design gross
weight of L4500 pounds

Maximum autcrotation entry speed

Maximum equivalent airspeed @ 91% L

lowest collective blade angle evaluated

'
e

TABLE IV. SUMMARY OF TEST CONDITIONS - FORWARD CG

W

Maximum equivalent airspeed @ 95.5% Np

234 knots
262.7 knots
1880 1b *
250 SHP
5550 ft
7750 £t

220.5 knots

223.5 knots

5275 1b

2.81g @ 225 KTAS
2.51g @ 193 KTAS
2.37g @ 55 KIAS
2.26g @ 150 KTAS
1.51lg @ 262 KTAS
0.9lg @ 261 KTAS
0.59% @ 193 KTAS

25¢ @ 150 KTAS
232 KTAS

o]

3.50 90

16

* Maximum available auxiliary thrust for the test conditions
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CONTROL RESPONSE AND SHORT PERIOD DAMPING

longitudinal Control Response

Longitudinal control response as defined by the steady-state angular pitch
rate per inch of longitudinal cyclic control input, was evaluated over the
airspeed envelope as a function of both rotor RPM and longitudinal system
sensitivity.

Figures 8 and 9 indicate that longitudinal control response is relatively
unaffected by changes in rotor RPM and collective blade angle. However,
as summarized in Figure 10, longitudinal control respcnse varies directly
with both airspeed and system sensitivity.

As reported in Reference 1, aircraft longitudinal response becomes in-
creasingly sensitive to pilot inputs at high forward speeds. To deter-
mine whether a simple change in the longitudinal system sensitivity* would
be effective in controlling this characteristic without adversely affect-
ing other control aspects, the control system geometry was modified so
that additional system sensitivities of 83 and 66 percent of nominal could
be examined. The longitudinal system sensitivity is decreased between the
hydraulic booster and the rotor system and thus does not change the total
available stick travel in the longitudinal axis. Therefore, larger control
motions are required to produce a given pitch rate as the lcongitudinal
system sensitivity is decreased.

Changing the system sensitivity had no significant effect on the vehicle's
initia. response characteristics to a step input. It takes approximately
0.25 second for the aircraft to respond to a longitudinal step input at
all system sensitivities.

¥With a system sersitivity of 83 percent at neutrai center of gravity, con-
trol response is comfortable at speeds up to about 18C KTAS. At higher
speeds, however, aircraft longitudinal response is considered to be exces-
sive when cyclic inputs are made unless special piloting precautions are
observed. This is due not only to the increased control response but
also tc the fact that load factor varies as the product of pitch rate and
airspeed and magnifies the apparent response of the helicopter.

The longitudinal system sensitivity was further reduced to 66 percent to
determine how much this would improve the high-speed handling character-
istics. These results are also shown in Figure 10. As expected, this
resulted in a reduction in control response and increased the optimum

* Mechanical changes in the control system are .eferred to as system
sensitivity changes throughout this report.
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spesed range to approximately 20C to 235 KTAS. At true airspeeds less than
200 knots, this reduction in system sensitivity requires larger control
inputs to maneuver the helicopter witu attendant higher-than-desired con-
trol forces. At speeds beyond 235 KTAS, longitudinal aircraft response is
still above the desired level.

In view of these results, it is felt that simple changes irn the control
system geometry aid in handling the high-speea longitudinal response pro-
blem. It is also clear that a single longitudinal system sensitivity is
probably not adequate for all speeds throughout the flight envelope.

A further attempt was made to iower the high-speed longitudinal response
by evaluating the effect of shifting the aircraft center of gravity for-
vard. This change was guite suzcessful in that the overall longitudinal
response was significantiy reduced at the higher airspeeds. The aircraft
was flown with a 100 percent system sensitivity, and the results are
shown in Figure 11. Also includec for comparisor purposes in Figure il
are the previous data obtained at a neutral center of gravity, which have
been ratioed vn to a 100 percent system sensitivity. Examination of these
two sets of da.. indicates that the forward center of gravity provides
near-constant longitudinal control response with increasing airspeed.
This is more desirable than the characteristics at neutral center of
gravity, wherein the aircraft becomes more sensitive with i: creasing air-
speed and requires additional desensitizing of the longitudinal cyclic
control. Comparison of Figures 10 and 11 indicates that with a forward
center of gravity at 200 KTAS, the steady-state pitch rate is almost the
same with 100 percent system sensitivity as it is with 66 percent sensi-
tivity at neutral center of gravity.

The improvement in handling characteristics was quite evident, since
higher airspeeds were attained with the 100 percent system sensitivity at
forward center of gravity than were possible with the 66 percent system
sensitivity at neutral center of gravity. A further optimization of the
high-speed handling characteristics was obtained by using the 83 percent
system sensitivity, which permitted speed extension to 262.7 KTAS. It is
evident that center of gravity location is an important considcration with
regard to the longitudinal handling and response characteristics of high-
speed helicopters.

longitudinal Short-Period Damping

Pulse inpits were conducted to evaluate longi“udinal short-p<riod damping
characteristics over the airspeed envelope at a neutral center of gravity.
Figures 12 and 13 present the results obtained above 220 XTAS at 100 per-
cent rotor speed with system sensitivities of 83 and 66 percent, respec-
tively. Examination of these data indicates that the short period dis-
turhbance is well damped, requiring less than one-half cycle to damp. As
expected, system sensitivity appears %o have little or no effect on iongi-
tudinal short-period damping.
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Figure 13. Time History of Longitudinal Short-Period Damping -
64 Longitudinal System Sensitivity - Neutrai CG.
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Figures 14 and 15 present short-period damping at rotor speeds of 100 and

91.5 percent. These data: were obtzined at a true airspeed of 150 Kinots

and indicate that rotor RPM has little or no effect on short-period damp-
The same type of results was obtained at other airspeeds with varia-

ing.
tions in rotor RPM.

Pilot observations of these characteristics coufirmed the strong damping
in the longitudinal axis. Qualitative evaluations conducted over the
airspeed envelope at forward centers of gravity indicated that the air-
craft continued to be well damped in the longivudinal axis.

The results obtained from longitudinal control response and short-period
damping evaluations are summarized in Table V.

TABLE V. SUMMARY OF LONGITUDINAL CONTROL RESPONSE AND
SHORT-PERIOD DAMPING TEST RESULTS
= %
1. Varies directly with airspeed
Neutral 2. Varies directly with system sensitivity
cC 3. Invarient with collective position
4t
Longituainal 4. Invariant with rotor RPM
Centrol
1. Nearly invariant with airspeed
Response
Forward | 2. Varies directly with system sensitivity
C3 3. Invariant with collective position
L. 1Invariant with rotor RPM
i. Varies directly with airspeed
Neutral | 2. Invarian%t with system sensitivity
CG 3. Invariant with collective position
Longitudinal L. Invariant with rotor RM
Short-Period
- . Forward | 1. Pilot commeni2d that aircraft czentinued
Damping DR
co to be well damped
% -;_————ggﬁ

Lateral Control Response

Lateral control response, as defined by the steady-state angular roll
rate per inch of lateral cyclic control input, was evaluated over the

airspeed envelicope 3s a function of lateral system sensitivity and rotor
ReM.
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As reported in Reference 1, the overall lateral control sensitivity of the
aircraft was lower than desirable for maneuverability at high speeds. To
3 determine whether an improvement in the lateral handling characteristics
could be obtained without adversely affecting other control aspects, the
contrcl system geometry was modified so that system sensitivities of 154
and 200 percent of nominal could be examined. 1In the lateral control sys-
tem, the sensitivity is increased between the cyclic control stick and
hydraulic booster. This modification reduces the total stick travel in

¥ the lateral axis by an amount proportional to the increase in sensitivity.
] Therefore, smaller control inputs are required to produce a given roll rate
as the lateral system sensitivity is increased.

System sensitivity had no significant effect on the vehicle's response
characteristics to a step input. It takes approximately 0.15 second for
L the aireraft to respond to a lateral step inpui for all system sensitivi-
ties.

Figure 16 summarizes ‘the variations cf lateral control response with both
system sensitivity and airspeed. An increase in system sensitivity from
154 to 200 percent results in approximately a 30 percent higher rate of
roll per inch of control input. ILateral control response is relatively
constant from 60 to 150 KTAS, but it decreases at an increasing rate above
this speed. With a system sensitivity of 200 percent, the lateral control
response is 16.5 deg/sec/in. at 150 KTAS and is reduced to 13.5 deg/sec/in.
at 220 KTAS. Although the contro. response docreases with airspeed, an
adequate level is available above 250 KTAS. These data were obtained at
various collective blade angles with rotor speeds of 1060, 95, and Q0 per-
cent. The results indicate that lateral control response is relatively
unaffected by changes in collective biade angle and rotor RPM.

P AN I B S A < I S Y

avieme e

The pilots reported that lateral control response felt comfortable at the
200 percent system sensitivity. However, contruvl system cross-coupling

i characteristics were somewhat magnified. With a left roll input, the air-
craft pitches nnse-down; during a right roll input, a nose-up tendency
oceurs. Piict observations indicated that cross-ccupling characteristics
are more noticeable at the 66 perceat longitudinal system sensitivity.
While this characteristic is annoying, it is not considered to be of suffi-
cient magritude to cause any concern.

Lateral S“wrt-period Damping

Pulse inputs were conducted to evaliate lateral short-period damping
characteristics over the airspeed envelope. Figures 17 and 18 present the
results obtained at an airspeed of 224 KTAS at 100 percent rotor speed with
system sensitivities of 154 ard 200 percent, respectively. Examination of
these data indicates iLhat the snort-period disturbance is well damped and
does noct degrade ihe high-speed handling cmaracteristics of the a’rcraft.
System sensitivity has no effect on laterai sho' -eriod damping.
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lateral 1. Invariant with system sensitivity
-|Short-Period 2. Invariant with airspeed
Danmping 3. Invariant with rotor RPM

Figures 19 and 20 present short-period damp:ng at rotor speeds of 100 and
90 percent. Thesze data were obtained at a nominal true airspeed of 150
knots, and they indicate that as rotor RPM is reduced below 100 percent,
there is essentially no degradation in roll damping. The 2.5-cps roll
oscillaetion superimposed on the roll rate trace is simply the body res-
ponding at #ts natural roll frequency. This frequency seems to be inde-
pendent of votor RiM,

Pilot observations of these characteristics confirmed the strong damping
in roll.

The results obtained from lateral control response and short-period damp-
ing evaluations are summarized in Table VI.

TABLE VI. SUMMARY OF LATERAL CONTROI, RESPORSE AND
SHORT-PERIOD DAMPING TEST RESULTS AT
NEUTRAL CG

m'm

1. Invariant with airspeed from 60 to 1%0 KTAS

lateral 2. Decreases at an increasing rate above 150 KTAS
Contrcl 3. Varies directly with system sensitivity
Response 4. Invariant with collective position

5. Invariant with rotor RPM

S

MANEUVERING STABILITY

l‘urnix_zg F}.gh,

Maneuvering stabiiity during steady turns, in terms of the longitudinal
cyclic control force required to produce normal! load factors, was mea-
sured by entering a steady descending turn from a trimmed, level-flight
condition for a given collective blade angle and rotor RPM setting. J-60
engine tirust was maintained at the trim setting, and the radius of turn
wag decreased to produce the desired g level. This is a conventional
technique which provides = method for obtaining reliable and repeatable
Gata
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The results of these tests are summarized in Figures 21 and 22 as a func-
tion of airspeed fcr various collective bla’= angles and rotor speeds.
The maneuvering force gradient is unaffected by the initial rotor RPM
setting over the airspeed envelope. This means that the stick force
required to obtain a particular load factor for a given set of test con-
ditions does ..ot vary due to changes in the initial rotor RPM setting.

Although rotor RPM does not aff:ct maneuvering stability, the maximum load
factor aitainablie in turning flight can be limited by a rotor overspeed
condition. Test results irdicate that ine rotor can go into autorotation
at various combinations of airspeed, collz2ctive blade angle, initisl rotor
RPM, and load factor. If an upper power-off RPM limit is observed, there
is 2 =aximum load factor for a given set ot test conditions. A more com-
plete discussion of such effects is included in a subsequent section of
tris report.

The pilots reported that once they became aware of this overspeed cordi-
tion, it was quite easy to control rotor RPM by easing off on load factor
to avoid exceeding the upper RFM limit.

Reference to Figure 21 indicates that for a given collective blade angle,
the stick force per g remains posiiive over the airspeed envelope but
decreases with both increasing airspeed and load factor. Maneuvering
stability is also decreased by increasing the collective blade angle set-
ting at a given airspeed.

Although the force gradient becomes lighter with airspeed for a given
load factor and collective blade angle, the preceding data indicate th~t
an adequate level of maneuvering stability exists within the entire
operational blade angle and airspeed envelope.

The effect of varying lorgitudinal system seasitivity on maneuvering sta-
bility in turning flight is shown in F.gure 2Z over a true airspeed range
of 55 to 220 kaots. The maneuvering force gradient increeses as the
longitudinal system sensitivity is decreased. Desensitization of the
longitudiral control requires larger stick deflections to produce the
pitch rate required to obtain a given load factor. 1n turn, the increase
in stick displacement provides an additional force contribution from the
longitudinel feel spring and results in an overall increase in the level
of maneuvering stabi ity. At a system r .-~ “ivity of 83 percent, maneu-
vering stability varies from L1.5 lb/g . >. KTAS to 16.5 1b/g at 220
KTAS for a load factor of 1.50g. A decrease in system sensitivity to 66
percent results in a mineuveriag force gradient of 19.0 1lb/g at a load
factor of 1.50g at a speed of 220 KTAS.

The pilots reported that with a 66-percent system sensitivity, the raneu-
vering force gradient and response of the helicopter feel best at speeds
in excess of 200 KTAS. Below this airspeed,the stick forces are consi-
dered to be excessive if held for any lenglh of time. However, stabiliz-
irg at any test point was accomplished withkout difficulty.
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All turning flight maneuvering stability testing was ceonducted at neutral
center of gravity.

The preceding test results indicate that speed and load factor have less

effect cn the maneuvering capability of the XH-51A compound helicopter

operating in the compound mode than in the pure helicopter mode, or than

on a conventional XH-S1A helicopter (see References 1 and 2). .

Symmetrical Puli-ups

Maneuvering stability during symmetrical pull-ups, in terms of the long:i-
tudinal cyclic control force required to produce normal load factors,
was measured by trimming at the test a.ititude and airspeed for a given
collective blade angle and initial rotor RPM, The aircrafi was pulled
up to a higher altitude, thus allowing airspeed to bleed off. This was
followed by vushing over to the trim airspeed and initiating a constant
load factor pull-up, trying to hit the target load factor when level a
the trim altitude. This technique permits more consistent results by
eliminating wuch of the dynami:s of the maneuver and by allowing the
pilot a 1-uger time period to stabilize. Moreover, recovery from the
mancavcer wee simplified because of the rear-level attitude of the air-
cr2t at the test altitude and target load factor.

The results of these tests are shown in Figures 23 and 24 for neut>-=1 and
forward centers of gravity, respectively. Ag in the case for turning
flight, maneuvering stability is unaffected by the initial rotor KPM
setting and decreases with both increasing airspeed and collective blade
angle. 4lsc, comparison of the data in Figure 23 wita ihe results obtained
during steady turrs Indicates that a lower level of torce gradient 1is
achieved in a symi_crical pull-up at the same test conditions. This
result was expected, siace the higher pitch rate required to produce a
given load factor in a turn resuits in a larger longitudinal cyclic con-
trol displacement from trim, thereby producirg higher stick forces.

The effect of vary.ng longitudinal system sensitivity on maneuvering sta-
bility in symstrical pull-»ps is shown ir Figure 25 over a true airspeed
range of 55 to 220 knots. she increase in data scatter that occurs dur-
ing symmetrical pull-up testing has a tendency to mask the effect of
changing sysi.em sensitivity. However, the majority of testing was per-
formed at neutral center of gravity with a system sensitivity of 83
percent, and this data was used to establish the baseline fairing for
calculating tre maneuvering stab’lity at system sensitivities of 66 anc
100 percent. As the system sensi.lvity is reduced, larger control motions
are required to produces the piich .ate needed to obtain a given load fac-
tor. This results in a larger force contridbution fiom the longitudinal
feel spring and therefore raises the overall level of maneuvering sta-
bility. At a system sensitivity of 83 percent, maneuvering scability
varies froa 28.0 1b/g at 60 KTAS to 14.5 1b/g at 220 KTAS for neutral
center of gravity at a load factor of 1.50¢g.
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Figure 2. Mancuvering Stability During Symmetrical Puil-Ups
a5 a Function of True Airspeed For Various Collzc-
tive Blade Anglez and Rotor RPM Settings - Forward CG.
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Comparison of Figures 22 and 25 again illustrates that the level of
maneuvering stability is lower during a symmetrical pull-up ¢ a.. it is
in a turn at the same test conditions. This result, as statec previous-
ly, is attributable to the fact that a higher pitch rate, henc.: a larger
conirol def’ection, is required to obtain a given load factor in a turn.
It follows that the larger control displucement from trin results in
higher control forces.

Examination of Figure 25 also indicates that maneuvering stability is
higher vwhen the center of gravity is shifted forward. At forward centers
of gravity with a system sensitivity of 100 percert the level of maneu-
vering stability is a2lmost the same as a system sersitivity of 66 percent
at a neutral center of gravity. This result is reavonable since the con-
trol response at forward centers of gravity is less than that obta.ned at
a neutral center of gravity. Larger control motions are required to
generate the pitcn rate needed to obtain a giver lcad factor with atten-
dant higher control forces due to the longitudirnal feel spring.

Table VII sumnarizes the results obtained from ma‘euvering stability
ternting.

TABLE VII. SUMMARY GF MANEUVERING STABILITY TEST RESULTS
————— — o

1. Mareuvering stability varies inversesly with airspeed
2. Maneuvering stability varies inversely with loed factor

3. Maneuvering stabiiity varies inversely with collecti-e
position

L. Maneuvering stability varies inversely with longitudinal
system sensitivity

5. Maneuvering stability is invariant with the initial rotor
RM setting

6. Maneuvering stability increases as the center of gravity
is moved forward

Pilot observations indicate that longiiwilral systen sensitivity has a
noticeable effect on maneuvering stability in that a higher level of
xaneuvering stability exists with a decreased system sensitivity. The
pilots also .eported that, except for the 83 percen: sysiem sensitivity
data points at neutral center of gravity, ioad Jactor values were easily
anticipated and controlled during symmetrics) mull-up mascuvers. At 83
percan’ systew sensitivity and neutral center of gravity, there was a
tendency to oversino! unigh load factor points - becauce of the highker air-
craft response to a givern control input - resulting in rotor overspeed.
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This would cause the pilot tc ease off on the longitudinal control ard
would give him the feeling of lower maneuvering capability. At forward
center of gravity,the aircraft's longitudinal response to a given control
input was lower; and this feeling was not encountered wi.h a 109-percent
longitudinal system sensitivity.

Rotor RPM Characteristics

During the maneuvering stability testing,it was found that at higher load
factors it is possible for the rotor to overspeed as a result of autoro-
tation. The amount of overspec  depends on airspeed, collective blade
angle, initial RPM setting, and the type and severity of the maneuver.
This condition is accentuated somewhat, because of the low rotor lift
associated with compound vehicles, ard alsc because of their greater
high-speed maneuvering capability as compared with that of conventional
helicopters.

An example of this is shown in Figure 26 for steady-state conditions.
These data are for a constant 150 KTAS and show the variation of RPM with
load factor for various collective blade angles and irnitial RPM settings.
The gentle slope seen in the data as the load factor first exceeds lg
reflects the engine governor response to the reduction in power required.
Under these conditicns the governor is able to maintain the initially
selected RPM setting reasonably well until the shaft horsepower drops to
zero. This contrcl is th+ reason for the separate fairings for each of
the initial RPM settings.

At the break in the curves, the power requirements of the rotor are zero
and the engine no longer controls rotor RPM, At load factors beyond this
point, therefore, the rotor is in autorotation and the steeper slope is
the variation of RPM with load factcr for this condition. Naturally,
there is only a single falring which depends on the collective blade angle
and airspeed, and it is independent of the initial RIM sctting. There is
another factor, however, which seems to affect the RPM/g characteristics
in autorotation. This is the. type of maneuver perforaed to develop a
given load factor. Ac shown in Figure 24, symmetrical pull-ups were
found to have a lesser effect on rotor overspeed than were steady turns
at the same lcad factor. In spite of this, pilots reported several in-
stances of transient overspeed during pull-ups in nap-of-the-earth flying.
While this is believed to be due to the severity of the maneuver, data in
this area are limiteu. Additional investigations are tnerefore required
before any definite conclusions can be drawn.

However, based on the experience gained during this program, some general
observations can be made. First, overspeeds are most likely to occur

in the region of 140 to 200 knots. At speeds below 140 knois, collective
blade angles are generally higher, and thus the power requirements of the
rotor are high. This provides more margin from autorotation during
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